There are five known subtypes of muscarinic receptors (M 1 -M 5 ). We have used knockout mice lacking the M 1 , M 2 , or M 4 receptors to determine which subtypes mediate modulation of voltage-gated Ca 2؉ channels in mouse sympathetic neurons. Muscarinic agonists modulate N-and L-type Ca 2؉ channels in these neurons through two distinct Gprotein-mediated mechanisms. One pathway is fast and membrane-delimited and inhibits N-and P͞Q-type channels by shifting their activation to more depolarized potentials. The other is slow and voltage-independent and uses a diffusible cytoplasmic messenger to inhibit both Ca 2؉ channel types. Using patch-clamp methods on acutely dissociated sympathetic neurons, we isolated each pathway by pharmacological and kinetic means and found that each one is nearly absent in a particular knockout mouse. The fast and voltage-dependent pathway is lacking in the M 2 receptor knockout mice; the slow and voltage-independent pathway is absent from the M 1 receptor knockout mice; and neither pathway is affected in the M 4 receptor knockout mice. The knockout effects are clean and are apparently not accompanied by compensatory changes in other muscarinic receptors.
Neuronal function is widely regulated by G-protein-mediated pathways in both the peripheral and central nervous systems. As these pathways often involve families of quite closely related signaling proteins, it has been challenging to determine which molecular species are involved in each physiological response. There are five known subtypes of muscarinic acetylcholine receptors (mAChR) (M 1 -M 5 ), but we lack the specific agonists and antagonists required to distinguish them with sufficient certainty. Many laboratories report that the ''even-numbered'' M 2 and M 4 subtypes couple to pertussis toxin (PTX)-sensitive G proteins, whereas the ''oddnumbered'' M 1 , M 3 , and M 5 subtypes couple to PTXinsensitive ones such as G q/11 (1) . Motivated by the imprecision of the current pharmacology, we studied mice lacking specific mAChR genes (knockout or KO mice) to distinguish the physiological roles of several mAChR subtypes in sympathetic neurons.
Since release of neurotransmitter at nerve terminals is driven by influx of Ca 2ϩ through voltage-gated Ca 2ϩ channels, modulation of these channels regulates synaptic transmission and neuronal excitability in general (2) (3) (4) . One well-studied modulatory mechanism uses several classes of G proteins. It is fast and membrane delimited and inhibits N-and P͞Q-type Ca 2ϩ channels by shifting their gating to more depolarized potentials (5) (6) (7) . It is mediated by the direct binding of G protein ␤␥ dimers to the Ca 2ϩ channel (8, 9) . We call this mechanism the ''fast'' pathway. Another pathway uses PTXinsensitive G proteins of the G q/11 family (10, 11) . It is voltage-independent and modulates N-and L-type channels through a diffusible cytoplasmic second messenger yet to be identified (12) (13) (14) . As this second pathway is an order of magnitude slower than the fast pathway (15), we call it the ''slow'' pathway. This pathway also mediates inhibition of a ubiquitous neuronal K ϩ channel that is responsible for the M-current (12, (16) (17) (18) (19) .
Rat superior cervical ganglion (SCG) neurons make mRNA for the M 1 , M 2 , and M 4 mAChR subtypes (20) and express Nand L-type voltage-gated Ca 2ϩ channels (21) (22) (23) . In these cells, muscarinic agonists induce both the fast modulation of N-type channels (12-14, 24, 25) and the slow modulation of N-and L-type channels (13, 26) . Pharmacological evidence suggests that, in the rat, the PTX-insensitive slow pathway is mediated by M 1 receptors, and the PTX-sensitive fast pathway, by M 4 receptors (25, 27) . We have turned to the KO mouse to further probe the molecular identity of receptors mediating these pathways. We find that in the mouse, the slow and PTXinsensitive pathway is mediated only by M 1 receptors, and the fast and PTX-sensitive pathway, only by M 2 receptors.
METHODS
Mouse Strains and Cell Preparation. The KO mice were F 2 hybrids from crosses of the following strains: M 1 , 129SvJ ϫ C57BL͞6 (28); M 2 , 129J1 ϫ CF-1 (29) ; and M 4 , 129SvEv ϫ CF-1 (30) . The control mice were wild-type hybrids from 129SvJ ϫ C57BL͞6 crosses for the M 1 experiments and from 129SvEv ϫ CF-1 crosses for the M 2 and M 4 experiments. Mice were anesthetized with CO 2 and decapitated at the following ages: M 1 , 60-100 days; M 2 and M 4 , 28-50 days. Neurons were prepared acutely from the SCG after the ganglia were dissociated in modified Hanks' solution, using methods of Bernheim et al. (14) , slightly modified by Hamilton et al. (28) .
Solutions and Materials. Modified Hanks' dissociation solution contained (mM): 137 NaCl, 0.34 Na 2 HPO 4 , 5.4 KCl, 0.44 KH 2 PO 4 , 5 glucose, and 5 Hepes, titrated to pH 7.4 with NaOH. For dissociation medium, 10% fetal calf serum was added to DMEM (GIBCO). The external Ringer's solution used to record I Ca contained (mM): 160 NaCl, 2.5 KCl, 5 CaCl 2 , 1 MgCl 2 , 10 Hepes, and 8 glucose, with 500 nM tetrodotoxin, pH adjusted to 7.4 with NaOH. The standard pipette solution was (mM): 175 CsCl, 5 MgCl 2 , 5 Hepes, and 0.1 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA). In addition, Na 2 ATP (3 mM), NaGTP (0.1 mM), and leupeptin (80 M) were added, and the final pH was
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Abbreviations: BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid; DHP, dihydropyridine; NEM, N-ethylmaleimide, oxo-M, oxotremorine methiodide; PTX, pertussis toxin; SCG, superior cervical ganglion; -CTX, -conotoxin; mAChR, muscarinic acetylcholine receptor; KO, knockout. ¶ To whom reprint requests should be addressed. E-mail: hille@ u.washington.edu. titrated to 7.4 with CsOH. In one set of experiments, the BAPTA concentration was raised to 20 mM, and the CsCl concentration was reduced accordingly.
Reagents were obtained as follows: somatostatin (Peninsula); oxotremorine methiodide (oxo-M) and nifedipine (RBI, Natick, MA); -conotoxin (-CTX) GVIA (Bachem); -CTX MVIIC (Neurex, Menlo Park, CA); FPL 64176 was a gift from the laboratory of W. A. Catterall (Univ. of Washington School of Medicine); BAPTA (Molecular Probes); ATP and GTP (Pharmacia LKB Biotechnology); papain (Worthington); Dispase (grade 2) (Boehringer Mannheim), leupeptin, DMEM, and fetal bovine serum (GIBCO); and N-ethylmaleimide (NEM), collagenase (type 1) (Sigma). The m1 mamba toxin was a kind gift of Lincoln Potter (University of Miami). NEM was prepared as a stock solution in water at 50 mM and stored at Ϫ20°C. FPL 64176 was prepared as a stock solution in dimethyl sulfoxide at 10 mM. The solutions containing the Ca 2ϩ channel blockers also contained 0.1 mg͞ml cytochrome c to prevent nonspecific binding of peptides to the perfusion tubing.
Current Recording. The whole-cell configuration of the patch-clamp technique was used to voltage clamp and dialyze cells at room temperature (22-25°C) . Electrodes were pulled from glass hematocrit tubes (VWR Scientific) and firepolished and had resistances of 1-3 M⍀ when measured in Ringer's solution and filled with internal solution. Membrane current was measured under whole-cell clamp with pipette and membrane capacitance cancellation, sampled at 200 s and filtered at 2 kHz. The whole-cell access resistance was 3-10 M⍀. Junction potentials have been corrected by Ϫ2 mV. Cells were placed in a 100-l chamber through which solution flowed at 1-2 ml͞min. Inflow to the chamber was by gravity from several reservoirs, selectable by activation of solenoid valves. Bath solution exchange was complete by Ͻ20 s. In the experiments of Fig. 4 we achieved a faster solution exchange around the cell by raising the cell to the mouth of the inflow tube. Whole-cell capacitance was 15-50 pF.
The amplitude of the peak whole-cell Ca 2ϩ current near 0 mV was defined as the inward current sensitive to block by 100 M Cd
2ϩ
. In experiments where control and test conditions were compared, conditions were always alternated cell-to-cell to avoid systematic bias. For the assignment of Ca 2ϩ channel subtypes, the blockers in Fig. 1 were applied successively in the order shown, with nifedipine present in all solutions after its initial application. All results are reported as mean Ϯ SEM.
RESULTS

Contribution of N-, P͞Q-, and L-type Channels to
Total I Ca in Mouse SCG Cells. In a series of studies, this lab and others have characterized modulation of Ca 2ϩ channels of neurons acutely isolated from rat SCG. Because the experiments described here necessarily involved mouse cells, we determined whether mouse and rat neurons have the same properties. We first compared the relative contribution of various Ca 2ϩ channel types to the total I Ca . We find that the mix of Ca 2ϩ channels is similar, but not identical. Rat SCG neurons display large -CTX GVIAsensitive N-type and small dihydropyridine (DHP)-sensitive L-type Ca 2ϩ currents (I Ca ) that reach a maximum near 0 mV with 5 mM Ca 2ϩ in the bath (12, 21, 22) . To determine relative channel contributions in our mice, we applied blockers specific for particular Ca 2ϩ channel types. Fig. 1 summarizes the progressive blockade of I Ca by nifedipine (L-type), -CTX GVIA (N-type), and -CTX MVIIC (N-and P͞Q-type). We studied cells from wild-type mice and from mice lacking M 1 receptors (M 1 KO mice) and found only small differences in blocker sensitivity between the two mouse strains. The results for wild-type and M 1 KO cells, respectively, were 18 Ϯ 2% (n ϭ 12) and 19 Ϯ 3% (n ϭ 15) block with the DHP nifedipine (1 M); 50 Ϯ 2% (n ϭ 13) and 38 Ϯ 2% (n ϭ 14) additional block with -CTX GVIA (1 M); and 25 Ϯ 2% (n ϭ 6) and 22 Ϯ 3% (n ϭ 3) additional block with -CTX MVIIC (10 M). For wild-type and M 1 KO mice, 10 Ϯ 2% (n ϭ 6) and 13 Ϯ 2% (n ϭ 3) of the initial current remained in the presence of all three blockers. The principal differences in the Ca 2ϩ currents of rat and mouse SCG seen here and in an earlier analysis (31) is in the fraction of current blocked by the two conotoxins. The fraction of channels blocked by -CTX GVIA is less in mouse than in rat, and the fraction of channels subsequently blocked by -CTX MVIIC is more, suggesting that in mouse there is not only a large N-type Ca 2ϩ channel population but also a significant population of P͞Q-type channels that is not seen in rat. As judged from our nifedipine results, the contribution of L-type Ca 2ϩ channels (18%) may be a little greater in mouse than in rat neurons [often Ͻ10%, (21, 32) ].
Slow, NEM-Insensitive Inhibition of N-and P͞Q-Type Ca
2؉
Channels Is Mediated by M 1 Receptors. Muscarinic modulation of Ca 2ϩ currents was qualitatively similar in rat and mouse neurons. In rat SCG neurons, fast, voltage-dependent muscarinic inhibition of N-type Ca 2ϩ channels can be selectively prevented by prior treatments with PTX or NEM. At low concentrations, NEM acts much like PTX in blocking the actions of G i ͞G o class G proteins (33) , and it does not block the slow muscarinic pathway, which uses different G proteins (34) . Fig. 2A illustrates muscarinic modulation of M current and the action of NEM in a neuron from a wild-type mouse. The first application of oxo-M (before NEM) produced a large inhibition of I Ca that resembles the biphasic fast and slow action in rat, reflecting the concurrent modulation of channels via two G-protein pathways. After washout of oxo-M and recovery of I Ca , brief treatment with NEM (2 min, 50 M) selectively abolished the fast muscarinic action, as seen by the second application of oxo-M, which then produced a smaller, and uniformly slower, inhibition of the current. Thus, NEM treatment isolates a slow muscarinic modulation in mouse, as in rat.
To ask which mAChR mediates this slow action we performed the same experiment in cells from M 1 KO mice. In the absence of M 1 receptors, the first application of oxo-M produced a robust inhibition of I Ca that appears entirely fast ( (n ϭ 9) before NEM treatment, and by 35 Ϯ 4% (n ϭ 9) afterward, similar to results in the rat (34) . In cells from M 1 KO mice, the inhibition by oxo-M was 37 Ϯ 4% (n ϭ 12) before NEM treatment and only 10 Ϯ 1% (n ϭ 12) afterward. Thus, cells from wild-type mice show fast and slow actions on Ca 2ϩ channels, and NEM occludes the fast action, leaving a robust slow inhibition by oxo-M, all as described in the rat. However, in the cells from M 1 KO mice, muscarinic inhibition was uniformly fast, and largely sensitive to NEM, with little evidence of the slow muscarinic pathway. These observations show that M 1 receptors are necessary for the slow inhibitory pathway in mouse SCG neurons.
Muscarinic Inhibition of L-type Ca 2؉ Channels Is Also Mediated by M 1 Receptors. In rat SCG cells, small DHPsensitive L-type Ca 2ϩ currents are inhibited by muscarinic agonists via a pathway similar to that mediating the slow inhibition of N-type channels (26) . We isolated L-type current in mouse neurons by prolonging its time course as a slow tail current following partial repolarization. We used the DHP agonist Bay K 8644 or the non-DHP agonist FPL 64176 (35, 36) , which greatly slow deactivation of L-type, but not N-or P͞Q-type channels. Test depolarizations were given to 0 mV, and muscarinic inhibition of L-type currents was quantified by measuring current 18-20 ms after stepping to the tail potential of Ϫ30 mV. Fig. 3A shows an experiment with a wild-type mouse neuron. Before application of FPL 64176, there is no slow tail current (Inset; the small outward current is probably due to some other conductance), but after the application an inward tail current develops. Subsequent application of oxo-M slowly suppressed this L-type current. In a neuron from an M 1 KO mouse (Fig. 3B) , FPL 64176 also produced a slow inward tail current, but oxo-M did not suppress the induced current at all. Such data are summarized in Fig. 3C . In the wild-type cells, inhibition of the FPL 64176-induced slow tail current by oxo-M was 53 Ϯ 5% (n ϭ 9), but in the M 1 KO cells, the inhibition was only 8 Ϯ 3% (n ϭ 8). Thus, we conclude that, like slow muscarinic inhibition of N-type channels, the inhibition of L-type Ca 2ϩ channels requires M 1 receptors. Our previous work with these M 1 KO mice showed that the inhibition of M-current K ϩ channels also requires M 1 receptors (28).
Fast, Voltage-Dependent Inhibition of N-and P͞Q-Type Ca
2؉ Channels Is Mediated by M 2 Receptors. We next determined which subtype of mAChR mediates fast, voltagedependent inhibition of Ca 2ϩ channels. To assay the voltage dependence of inhibition we used a double-pulse protocol (37) . Two test pulses were given in succession, with a brief, strong depolarizing prepulse preceding the second test pulse. This prepulse promotes transient relief from voltagedependent inhibition by driving G-protein ␤␥ subunits off the inhibited channel (5, 38) . The resulting facilitation of current is a characteristic signature: if the inhibition is voltage dependent, the current in the second pulse is inhibited less than the current in the first pulse (37) . In rat SCG cells, we had been able to study the fast pathway in isolation by depressing the slow pathway selectively with 20 mM BAPTA in the pipette (internal) solution (12) . However, we found this treatment relatively ineffectual in the mouse, since even with this pipette solution, the strong depolarizing prepulse did not decrease the inhibition by oxo-M anywhere near as much as expected for a pure voltage-dependent response. For example, in wild-type mouse cells dialyzed with 20 mM BAPTA, the inhibition was 74 Ϯ 4% in the first test pulse and 64 Ϯ 6% (n ϭ 10) in the second. We therefore exploited the Ͼ10-fold difference in speed of action between the two pathways (15) by focusing on the inhibition of I Ca soon after addition of oxo-M. A brisker cell perfusion was used that changed the extracellular solution within several seconds, and all solutions contained 2 M nifedipine to block L-type current. These experiments used the standard pipette solution with 0.1 mM BAPTA. As an additional attempt to reduce the contribution of the slow pathway, most of these cells were exposed for 1-5 hr to 2 M m1 toxin from the mamba snake (39) . This toxin is a poorly reversible antagonist of M 1 receptors in rat and hamster, and it seemed to partially block the slow pathway in some of the cells. Fig. 4A shows an experiment with a cell from a wild-type mouse in which the double-pulse protocol is applied every 4 s. Amplitudes of I Ca elicited by each pulse are plotted together with the ''facilitation ratio,'' calculated as the amplitude in the second pulse divided by that in the first pulse. When oxo-M is first applied, there is an abrupt inhibition of the current in the first pulse (by about 60%) and a much smaller inhibition of the current in the second pulse. This fast muscarinic action produces an immediate rise in the facilitation ratio, reflecting voltage-dependent inhibition. In the continued presence of oxo-M, there develops a second, slower, inhibition of the current that is not voltage-dependent. The currents in the first and second pulses are inhibited equally by this slow component (by about 60%), but the inhibition is much more obvious in the second pulse because the current there is always larger. Although the cell in this experiment had been preincubated in the m1 mamba toxin, the slow pathway seems unimpaired.
To determine which mAChR mediates the fast action, we repeated such experiments on cells from M 4 and M 2 KO mice. In a cell from an M 4 KO mouse (Fig. 4B) , the results were   FIG. 4 . The fast muscarinic pathway is mediated by M2 receptors. (A-C) Plotted are amplitudes of ICa, elicited by using the double-pulse protocol described in text, for the first pulse (F) and the second pulse (s) in a cell from a wild-type mouse (A), an M4 KO mouse (B), or an M2 KO mouse (C). oxo-M (10 M) and somatostatin (SS, 250 nM) were bath-applied during the period shown by the bars. Pulses were applied every 4 s (A),indistinguishable from the experiment in Fig. 4A : a strong, biphasic inhibition of I Ca , with obvious fast voltage-dependent and slow voltage-independent components. The picture was quite different, however, in a cell from an M 2 KO mouse (Fig.  4C) . The experiment started with a control application of somatostatin, whose action should be unaffected by the presence or absence of mAChRs. In rat, somatostatin inhibits N-type Ca 2ϩ channels solely through the fast, voltagedependent pathway (40, 41) . Similarly, in the mouse, we found that application of somatostatin (250 nM) produced a rapid, voltage-dependent inhibition. This response confirms that the fast pathway is present in the cell under study. Nevertheless, subsequent application of oxo-M to this M 2 KO cell failed to produce the fast, voltage-dependent inhibition seen in Fig. 4 A and B. Inhibition with oxo-M was uniformly slow and voltageindependent. In cells from M 2 KO mice, inhibition by somatostatin was accompanied by a rapid spike in the facilitation ratio to a value near 4, but inhibition by oxo-M was accompanied only by a late, gentle rise in the calculated facilitation ratio as I Ca fell to very low values. The late rise may be an artifact of taking the ratio of small numbers, or perhaps there is an increase in free G-protein ␤␥-subunits liberated from continued activation of G q/11 that contributes a small voltagedependent inhibition.
Fig . 4D summarizes the facilitation ratios for all cells from these three groups of mice. Upon addition of oxo-M to cells from wild-type and M 4 KO mice, there is a rapid increase in the facilitation ratio, reflecting action of the fast, voltagedependent pathway. This increase in the facilitation ratio is almost completely absent in cells from M 2 KO mice. Thus, we conclude that the fast voltage-dependent muscarinic signaling pathway that inhibits mouse N-and P͞Q-type Ca 2ϩ channels is mediated only by M 2 receptors. Evidently, in the mouse, M 4 receptors do not make a significant contribution. channels that is not present in rat. There are two principal signaling pathways in mouse, as in rat. As has been deduced from pharmacological experiments with antagonists in rats (25, 27) , a slow pathway triggered by M 1 mAChRs modulates all high-voltage-activated Ca 2ϩ channels and depresses M-current (28) in mouse. The G protein involved in this pathway is not sensitive to NEM and seems likely to be of the G q/11 class also. Unlike in rat, this pathway apparently remains functional in mouse SCG neurons dialyzed with 20 mM BAPTA. In addition, mouse and rat have a fast muscarinic pathway that produces voltage-dependent inhibition of N-type channels. Similar fast modulation can also be activated by somatostatin, 2-chloroadenosine, norepinephrine, and vasoactive intestinal peptide (VIP) in both species (31) . In mouse, the muscarinic action is NEM sensitive, the somatostatin and adenosine actions are fully PTX sensitive, and the norepinephrine action is partially PTX sensitive. A significant difference between rat and mouse is that the fast muscarinic pathway uses M 2 receptors in the mouse, whereas, by criteria of himbacine, pirenzepine, and tripitramine sensitivity, it has a pharmacological profile most consistent with M 4 receptors in the rat (25, 27) . Another difference between rat and mouse lies in the expressed Ca 2ϩ channel subtypes. Our conotoxin experiments and those of the Tsien laboratory (31) suggest that mouse cells express a significant P͞Q-type Ca 2ϩ channel population, whereas rat SCG neurons do not (42) . A potential alternative interpretation is that mouse cells express alternatively spliced forms of N-type Ca 2ϩ channels (43, 44) that are resistant to block by -CTX GVIA.
DISCUSSION
The results on the slow pathway were mostly expected. The M 1 mAChR mediates a slow signal that depresses M-current and several types of high-voltage-activated Ca 2ϩ currents in rat and mouse. These results mean that mouse cells, mouse M 1 receptors, and mouse M-channels and Ca 2ϩ channels can be used in future experiments aimed at uncovering the unknown diffusible messenger that is generated by means of M 1 receptors to modulate the M-and Ca 2ϩ channels. The lack of sensitivity to internal 20 mM BAPTA in mouse reinforces our earlier conclusion that the unknown messenger of the slow muscarinic pathway is not the free calcium ion (12, 45, 46) .
On the other hand, the results on the fast pathway were surprising. This pathway has the pharmacological properties of M 4 receptors in rat (25) , yet mice totally lacking M 4 receptors had no detectable deficit in the fast modulation of Ca 2ϩ channels. Instead, knockout of M 2 receptors was required to eliminate the fast pathway. We undertook these experiments with KO mice because of reports of M 2 receptors in sympathetic neurons. Rabbit sympathetic neurons showed large numbers of immunoreactive M 1 and M 2 receptors and only a small population of M 4 receptors (47), and rat SCG neurons contained mRNA for M 1 , M 2 , and M 4 receptors (48) . Very recent observations have clarified the picture. First, the assignment of M 4 receptors to the fast pathway of rat SCG has been reinforced by further pharmacological experiments (27) . Second, a distinct function for pharmacologically defined M 2 receptors has been found in the same cells. When G-proteinregulated inward rectifiers (GIRK channels) are expressed exogenously in rat SCG cells, their muscarinic activation uses pharmacologically defined M 2 receptors but not the M 4 receptors that are also present (27) . Thus M 2 and M 4 receptors coexist in rat SCG neurons but are coupled to different effectors. We conclude that rats and mice differ in which even-numbered muscarinic receptors couple to G proteins to modulate Ca 2ϩ channels. Analogous results have been reported when different criteria were used. Muscarinic antinociception is clearly mediated via M 2 receptors in mouse (29) but is said to have a pharmacology more consistent with other receptor subtypes in rat (49) .
Genetic ablation of a signaling protein may induce compensatory responses, wherein other proteins take over the roles normally mediated by the targeted protein. Thus, mice lacking G o -class G proteins still exhibit PTX-sensitive voltagedependent inhibition of Ca 2ϩ channels, even for receptors that normally act via G o (ref. 50 ; B. P. Bean, personal communication). These G o KO mice may compensate for the lack of G o proteins by using G i class G proteins instead, producing a somewhat altered, but still functional, PTX-sensitive signal. In other studies, loss of a specific gene led to nearly complete (52) . Likewise, in our experiments the mAChR KO mice seem to lose specific modulatory signaling to ion channels without compensation by other muscarinic subtypes. Because sympathetic neurons modulate their ion channels through a wide spectrum of G-proteincoupled receptors, it may be that the loss of signaling from one mAChR does not have severe enough consequences to induce compensatory responses. Other work involving different effectors with mAChR subtype KO mice reached a similar conclusion (28, 29) . Our experiments reemphasize the segregation of signaling from each of the mAChR subtypes.
